respective summer months. Here temperatures fall to below 150 K, forced well below radiative equilibrium by upward and equatorward winds which are caused by wave forcing of the global circulation. Temperatures become so low that ice clouds form, despite very low concentrations of water vapour. These mesospheric clouds can be observed from the ground during twilight as noctilucent clouds and have been studied for more than a century (e.g. Gadsden and Schröder, 1989) . Their sensitivity to temperature and water vapour makes them a popular candidate for searching for possible signs of anthropogenic changes in atmospheric composition and radiative balance. Observations by satellite of increasing occurrence rates of mesospheric clouds have been used to argue for a long-term trend with slowly decreasing temperature at the summer mesopause (e.g. Shettle et al., 2009 ). On the other hand, ground-based observations of noctilucent clouds have not been able to discern any significant trend (e.g. Kirkwood et al., 2008a; Dubietis et al., 2010) , nor have direct observations of temperature (e.g. Lübken, 2000) . However, the number of available observations is limited. The proper quantification of trends really requires carefully calibrated quantitative observations covering all local times and repeated over several decades. Visual observations of noctilucent clouds are available for the longest period of time, but they are hard to calibrate, they are restricted to the twilight hours and they are often hampered by tropospheric clouds. Satellites have been available for a shorter period and provide observations only at fixed local times which change over the course of decades. Since mesospheric clouds can have a significant local-diurnal variation, this makes interpretation of satellite-based trends uncertain (e.g. Stevens et al., 2009 Stevens et al., , 2010 .
An attractive alternative is to use radar, which offers the possibility of accurate calibration and complete local time coverage. The ice particles which form noctilucent clouds and the smaller sub-visual ice particles, which form first, coexist together within the lowest part of the Earth's ionosphere. Here the atmosphere is ionised by solar extremeultraviolet (EUV) radiation and by energetic particles from the magnetosphere, releasing free electrons and positive ions which interact with the ice particles. Although the details of this interaction are not fully understood, the result is a high level of small-scale structure in the electron density which is readily observed as strong radar echoes, known as polar mesosphere summer echoes (PMSE; for a review see Rapp and Lübken, 2004) . The easiest parameter to measure for PMSE is the echo power. With care, it is possible to calibrate the measurements and to derive the reflectivity of the scatterers. Thanks to improvements in calibration methods, physically meaningful comparisons of PMSE strength between different radars at different locations and over periods of more than a decade have been made, with the hope of relating these to differences in temperatures, the latter being the most important parameter controlling the formation of ice particles. For example, Kirkwood et al. (2007) compared late-summer PMSE between Kiruna, Sweden (68 • N, 19 • E), and Wasa, Antarctica (73 • S, 13 • W), and found occurence rates to be very similar. This seemed to be consistent with the (limited) information then available, suggesting that summer mesopause temperatures at about 70 • latitude were about the same in both hemispheres (Lübken et al., 1999) . Nilsson et al. (2008) compared PMSE between Wasa and Davis, Antarctica (69 • S, 78 • E), and found about half the occurrence rates at Davis compared to Wasa, which was consistent with satellite indications of temperature differences at the time of those measurements between 69 • S and 73 • S. Latteck et al. (2008) , and found occurrence rates of 18 %, 83 % and 38 %, respectively, with mean and maximum reflectivities also varying in the same order. For the same time interval, and the same detection threshold, Smirnova et al. (2010) found about a 75 % occurrence rate at Kiruna, which gives a consistent difference between Andenes/Kiruna/Wasa (all about the same) and Davis. Morris et al. (2009) considered longer data series from Davis and Andenes to confirm the lower rate of PMSE at Davis and found the difference consistent with satellite observations of slightly warmer temperatures in the Antarctic summer mesopause, compared to the same latitude in the Arctic. There remains, however, an inconsistency with the very low rates of PMSE occurrence at Resolute Bay. If temperatures in the Southern Hemisphere (SH) mesopause really are warmer than in the Northern Hemisphere (NH) at the same latitude, and temperature is the deciding factor for PMSE, then PMSE should be stronger at Resolute Bay than at all of Andenes, Kiruna and Wasa. Swarnalingam et al. (2009) have made careful checks on the reliability of PMSE reflectivity and occurrence rate estimates for Resolute Bay and found that they are indeed accurate; and applying the same methods for the similar radar at Yellowknife, Canada (62 • N, 114 • W), gives PMSE occurrence rates there similar to those at Andenes.
At the same time, studies of long-term (10-15 years) variations in PMSE reflectivity at Andenes and Kiruna (Smirnova et al., 2011) have shown a strong dependence on the level of geomagnetic disturbance (related to auroral activity). Reflectivity is expected to be affected not only by the properties of the ice particles (which depend on temperature) but also by other factors (see e.g. Varney et al., 2011 , and references therein), such as those affecting small-scale structuring (e.g. turbulence), wave perturbations of the background temperature gradient (see also Dalin et al., 2012) , and, perhaps most importantly, by electron density and electron density gradient. Yellowknife, Kiruna and Andenes in the Northern Hemisphere are all at latitudes within the auroral oval, Wasa is on the equatorward edge, and Davis and Resolute Bay are well poleward of the oval. The effects of energetic particle precipitation associated with auroral activity at PMSE heights can be expected to be greatest within the auroral oval (Codrescu et al., 1997) . If we are to use Table 1 . Main characteristics of the radars used in this study. Geomagnetic coordinates are calculated using the online facility provided by Papitashvili (2012 PMSE to study hemispheric differences or long-term change in the temperature of the neutral atmosphere at the summer mesopause, we need first to understand better how the reflectivity responds to changes induced by energetic particle precipitation.
There is a larger offset between the magnetic and geographic poles in the Southern Hemisphere than in the Northern Hemisphere. As a result, observations from parts of Antarctica offer the possibility to study PMSE at high geographic latitude but relatively low geomagnetic latitude, reducing the effects of energetic particle precipitation. Observations from Antarctica have already been used to show that, during geomagnetically quiet conditions, PMSE reflectivities can, on average, be explained by ice-mass density together with electron densities produced by solar EUV radiation alone (Kirkwood et al., 2010b) . In this study we particularly focus on how different responses to disturbance levels between a sub-auroral Antarctic site and an auroral Arctic site can indicate different mechanisms affecting PMSE strengths. We also look at how disturbance effects can affect conclusions drawn from comparisons between sites or over time.
MARA and ESRAD VHF radars
MARA (Moveable Atmospheric Radar for Antarctica) is a relatively small, 54.5-MHz radar which has made PMSE measurements in Antarctica during 5 summer seasons so far. From January 2006 to January 2011 MARA was operated during summer expeditions only at the Swedish/Finnish research stations Wasa/Aboa (the two stations are at the same site). Observations were made in 2007 from 23 January-5 February and 5-31 December, in 2008 from 1-31 January, in 2009 from 22-31 December, in 2010 from 1-27 January and 14-31 December, and in 2011 from 1-12 January. During 2011, MARA was moved to the Norwegian station Troll where it started operation on 23 November and is intended to operate year round for about 2 years. So the start and end of the SH PMSE season have been covered only once by MARA, during the 2011/2012 season. The basic configuration of MARA includes 20-kW peak transmit power, 3 receivers (6 since 2012) and an antenna array consisting of 3 groups, each of 16 dipoles (a smaller antenna array, consisting of 3 groups each of 4 three-element Yagis, was used 23 November 2011-4 January 2012). The main hardware characteristics are summarised in Table 1 . Horizontal winds, echo aspect sensitivities and coherence times are measured using full correlation analysis, using the 3 antenna groups separately. Vertical wind (Doppler) and reflectivities are measured using the whole antenna (signals from the 3 groups are combined coherently in software).
ESRAD (ESrange RADar) is a moderately large, 52-MHz radar which has made PMSE measurements at Esrange, near Kiruna in Arctic Sweden since 1996. ESRAD operates continuously and provides complete coverage of the start and end of each of the seasons. Here we include measurements from 2006 to 2011 to compare with the same period of time as MARA observations. ESRAD has 72-kW peak transmit power, 6 receivers and an antenna array consisting of 6 groups, each of 48 five-element Yagi antennas (see Table 1 for more technical details). As at MARA, full correlation analysis is applied using separate antenna groups, while reflectivities and doppler are calculated using the whole antenna.
The receiver paths for both radars (including the whole path from antenna through the receivers) have been www.ann-geophys.net/31/333/2013/ Ann. Geophys., 31, 333-347, 2013 calibrated by monitoring the daily variation of galactic noise, which is recorded as the noise level in the radar height profiles (Kirkwood et al., , 2010a . Antenna feed losses for the MARA system (where the feed system is relatively simple) have been found by direct measurements on the various components. Tests with direct injection of known noise levels into the receiver system have been performed sporadically at both sites. This provides a check on feed losses at MARA and an estimate of feed losses at ESRAD. Comparison between Fresnel reflectivities at tropopause heights and values calculated from radiosonde profiles of atmospheric static stability provide a year-to-year check on transmitter power stability and losses on transmission Smirnova et al., 2011) . Finally, MARA made PMSE observations in Kiruna, just 30 km from ESRAD in 2006, allowing cross calibration . Both MARA and ESRAD usually operate two or three measurement modes with different duty cycles and different height resolutions, generally switching between modes every minute. The measurements used here have been made with 8-bit complementary codes, with 4-µs (600 m) bit length, pulse repetition frequency (prf) 1300 Hz, 16 coherent integrations in hardware and 2 further coherent integrations in software (in total 49-ms integration time). Reflectivities and other parameters have been derived for each 1-min height profile and the results averaged for 1-h intervals before being used in the statistical study described in the rest of this paper.
Radar volume reflectivities
PMSE strengths are sometimes expressed in terms of signalto-noise ratio, but this parameter depends on the characteristics of the radar making the measurements (transmitter power, antenna area, antenna and feed efficiency) and on the way in which the data has been collected (radar pulse length, receiver bandwidth, number of coherent integrations). For comparison between different radars at different locations it is important to use instead a parameter which is an intrinsic property of the atmospheric scatterers and which can be calculated from the echo power detected by the radar after correcting for all of those instrumental effects. The most commonly used measure for PMSE is volume reflectivity η, which is the radar cross section per unit volume of the atmosphere. If the scatter is isotropic, this can be found from the power scattered back to the radar. Two slightly different expressions have been applied in recent PMSE studies, i.e.
where P T is power delivered to the antenna, P RA is power due to atmospheric scatter received by the antenna, r is the distance to the scattering volume, r is the thickness of the volume element along the radar beam, A eff is the effective area of the receiving antenna, L T accounts for losses in the antenna feed on transmission (< 1) and V f expresses the fraction of the scattering volume which is filled with scatterers (≤ 1). Equation (1) is from Gage (1990) and has been used in earlier PMSE studies comparing ESRAD and MARA, e.g. . An alternative expression due to Hocking (1985) has been used by a number of other authors, particularly where different antenna areas have been used for transmission and reception. Combining Eqs. (28) and (33a) from the latter paper,
where P RR is power due to atmospheric scatter detected at the receiver; G T is the gain of the transmitting antenna; A Reff is the effective area of the receiving antenna; L R accounts for losses in the antenna feed on reception; θ B is the half-power half-width of the volume contributing to the scatter, usually taken as the combined antenna beam on transmission and reception; and other parameters are the same as in Eq.
(1). In this case,
where θ R and θ T are the one-way beam widths of the transmitting and receiving antennas, respectively. Although Eqs. (1) and (2) appear to be rather different, substituting the (trivial) relations P RA = P RR /L R and θ 2 B = θ 2 T /2 (for the case when the same antenna is used for transmission and reception), and assuming V f = 1 and the (less obvious) approximate relation between beam width and gain,
it can be seen that Eqs. (1) and (2) are identical. Although Eq. (4) is only an approximation, the values it gives for the MARA and ESRAD antennas are indeed very close to the values from antenna simulations (quoted in Table 1) A problem in applying either Eq. (1) or Eq. (2) to measurements from radars with finite beam widths is that the scatter from PMSE is not completely isotropic. One way to account for this is to replace θ B in Eq. (2) by an effective beam width θ eff which depends on "aspect sensitivity" θ s , an intrinsic property of the scatterers, and the true combined antenna beam width θ B . Following Hocking et al. (1986) ,
We can define a "normalised" or "narrow beam" volume reflectivity, which is the average reflectivity in the volume actually contributing to the scatter, i.e. the reflectivity which would be measured by a radar with θ B << θ s as follows:
Using the interferometric capabilities of ESRAD and MARA it is possible to measure the effective beam width using full correlation analysis (Briggs, 1984; Holdsworth and Reid, 1995) . In this case, however, only part of the antenna array is used for reception at each receiver. Each sub-array has a beam width θ RFCA ; thus the measured effective beam width is
Combining Eqs. (3), (5) and (7) gives
In a recent study by Smirnova et al. (2012) using 11 years of PMSE measurements by ESRAD, it was found that half of the PMSE echoes have aspect sensitivity θ s which is comparable to or slightly less than the ESRAD beam width. So θ eff is significantly less than θ B and the ratio η N /η could be as high as a factor 2. The MARA radar has a broader beam than ESRAD, so this ratio can be expected to be higher. Figure 1 illustrates statistically the height distribution of effective beam width and the ratio η N /η for the ESRAD and MARA observations used in this study. A complete description of the effective beam widths (and the aspect sensitivities which can be derived from these) is beyond the scope of the present work. For more details for PMSE at ESRAD we refer to Smirnova et al. (2012) . Similar results are found for MARA, with no statistical variation of effective beam width with echo strength, but a distinct variation with height. Derivation of effective beam width from the radar measurements is subject to large random uncertainties for individual data samples, while corresponding estimates of η using Eq.
(1) have rather small uncertainties. Since there is no statistical relation between aspect sensitivity and echo strength, we avoid introducing unnecessary random errors by using the mean profiles of η N /η shown in Fig. 1 to calculate η N . Examples of volume reflectivities for two seasons of measurements are shown in Fig. 2 . It is clear in Fig. 2 that the height of the PMSE layer behaved differently between MARA and ESRAD, at least for those two seasons. The same behaviour of PMSE height was reported and discussed following the first long season of observations with MARA in 2007/2008 (Kirkwood et al., 2008b) . All subsequent seasons, particularly the even longer period of observations in 2011/2012 in Fig. 2 , show the same behaviour, indicating that this is a stable characteristic of PMSE in the SH. For the present study we note only that it implies that SH PMSE in the early season are generally found at rather higher altitudes than in the later season, which is the reason we consider separate height profiles for November/December and January/February, for example in Fig. 1 .
PMSE response to magnetic disturbance
We can expect PMSE reflectivities to be strongly affected by electron density and electron density gradient. At polar latitudes, electron density depends on ionisation both by solar extreme-ultraviolet (EUV) radiation and by sporadic precipitation of high-energy electrons and protons from the magnetosphere. Whereas solar-produced ionisation is relatively easy to model, that due to precipitation is not because of the very variable characteristics of the source, both in time and in energy. However, the precipitation affecting PMSE heights will also cause ionisation at higher altitudes. The visible result of such precipitation is the aurora. At the same time, the increased electrical conductivity at heights above 100 km, and/or increased electric fields associated with the magnetospheric perturbations causing the particle precipitation, produce electric currents. The magnetic fields associated with these currents are then detected by magnetometers on the ground. Transient perturbations detected by magnetometers are regularly used to monitor the disturbed state of the ionosphere, generally quantified by the K index, which is a quasi-logarithmic measure of the degree of disturbance, derived for fixed 3-h time intervals.
To examine the response of PMSE to geomagnetic activity we use the K index from the magnetic observatory in Kiruna for comparison with ESRAD. There is no magnetic observatory close to MARA, so we instead use the K index from Leirvogur, Iceland, which is the closest available to the magnetic conjugate location for MARA (Leirvogur is at magnetic latitude 65 • , with magnetic midnight at 00:30 UT). two locations. Magnetic midnight is close to local solar midnight at both sites (see Table 1 ), so the magnetic-midnight maximum becomes a local-time midnight maximum. It is also clear that there have been more periods of low geomagnetic disturbance levels during the summer in the SH compared to the NH. Figure 4 shows the cross correlation between PMSE reflectivities (maximum over all heights for each hour) and the local K indices as a function of local time and lag between the PMSE observations and K index variations. For ESRAD, the highest correlations at most local Occurrence rates are based on 1-h averages -the months of June and July at ESRAD, December and January at MARA -and include observations for all heights (600-m resolution) between 78 and 100 km a.s.l. Black curves are fitted lognormal distributions with characteristics given in Table 2. times are with zero lag; i.e. there is an immediate response of PMSE reflectivity to magnetic disturbance. However we note there is no sign of any response between 18:00 and 20:00 LT, and seemingly a delayed response (by 5-20 h) between 12:00 and 18:00 LT. For MARA, the highest correlation is almost always delayed by several hours, with some indication of an immediate response around midnight, but a substantial delay around midday. The immediate response is clearly consistent with an effect of increased electron density and/or electron density gradient due to particle precipitation. The correlation coefficients are not high, reaching at most 0.4 at ESRAD in the early morning, corresponding to 16 % of the PMSE variability "explained" by variations in K index. However, given the indirect relation between K index and electron density, this might be expected. Also, the lack of an immediate response in the afternoon is consistent with the lower chance of particle precipitation in that time sector (see e.g. Codrescu et al., 1997) . The generally delayed response at MARA is less easy to explain. The correlation is strongest during midday when solar EUV may be the dominant ionisation source. We will return to this feature later. For the moment we note only that, if we want to compare PMSE for different levels of magnetic activity, we need to consider not just the concurrent K index but the history of the K index during the preceding hours. So for further analysis we define a new index, K 24 , which is simply the maximum value of the K index in the 24 h preceding and including the PMSE observation. This means, for example, that we consider conditions to be quiet only if the K index is low and has been low for at least a day. Figure 5 shows histograms of PMSE volume reflectivities separately for different levels of magnetic activity. The maximum detection threshold for PMSE volume reflectivity is η N = 10 −16 m −1 for MARA and η N = 10 −17 m −1 for ESRAD (it varies as the galactic noise level varies over the sidereal day). We show only the distribution above η N = 10 −16 m −1 as comparisons for lower reflectivities are not meaningful. Table 2 gives an overview of the availability of PMSE observations for the different conditions, the characteristics of the lognormal distribution curves fitted to the histograms, and the maximum reflectivities. It can be seen that the position of the peak of the distribution, and the width, increase with the level of magnetic disturbance, more so at ESRAD than at MARA. The tail of the distribution, above η N = 10 −13 m −1 and the maximum reflectivities observed, increase dramatically for high levels of activity. The peak of the distribution is close to the same at both ESRAD and MARA, with a slight shift to higher reflectivities at higher K index levels, at both sites. The main difference between the sites is the greater width of the distribution, along with the much larger number of occurrences with high reflectivities at ESRAD. Further illustrations of the influence of activity level are shown in Figs. 6 and 7, which show mean height profiles and local-time variations, respectively (all η N < 10 −16 m −1 are treated as zero in the averages for a fair comparison between the two radars). In the height profiles, the effect of increasing magnetic disturbance levels is distinct only for K 24 > 3. It affects the heights with highest reflectivities most, with less effect at lower and higher altitudes. The high-reflectivity tails of the distributions have a strong influence on the mean values such that the mean profiles for ESRAD are about an order of magnitude higher than for MARA. Referring to the localtime variations in Fig. 7 it is clear that the local-time variation shows considerable differences between the two locations. In the quietest conditions, close to midnight, reflectivities are very low, slightly lower at ESRAD than at MARA, consistent with lower electron densities due to EUV at the lower solar elevations around midnight at ESRAD. The increase in midnight-sector reflectivity as the activity level rises is only one order of magnitude at MARA but almost three orders of magnitude at ESRAD. There is a strong peak between 03:00 and 06:00 LT at ESRAD even in the quietest conditions, which is not present at all at MARA. The daily cycle, with a maximum close to midday and minimum at midnight, persists at MARA, whatever the disturbance level. At ESRAD it is replaced at the highest disturbance levels by a maximum around 05:00 LT and a minimum around 19:00 LT.
The behaviour over LT at ESRAD is mostly consistent with the known characteristics of energetic particle precipitation (Codrescu et al., 1997) , with a maximum in the midnight and early-morning hours and a minimum in the afternoon. The early-morning peak, apparent even in quiet conditions, may be at least partly due to a peak in ice-particle densities at that time. For example Fiedler et al. (2011) , using lidar measurements of noctilucent clouds over Andenes, have found Ann. Geophys., 31, 333-347, 2013 www.ann-geophys.net/31/333/2013/ twice as much ice mass in the 03:00-05:00 LT time sector compared to the 10:00-24:00 LT sector. However, according to the results of Kirkwood et al. (2010b) , relating ice-mass and electron densities to PMSE reflectivities, this should lead to a factor of only 2 difference between PMSE reflectivities between 03:00-05:00 LT and those at corresponding solar zenith angles in the afternoon (19:00-21:00 LT) if solar EUV is the only source of ionisation. Since the observed difference in reflectivities is an order of magnitude, it seems likely that this site is affected by energetic particle precipitation in the early morning even when K indices suggest that the situation is quiet. The behaviour around 15:30 MLT (marked on Fig. 7 by a vertical dashed line), however, cannot be explained by particle precipitation. This is the centre time of a minimum in the relevant particle fluxes -the minimum lasts several hours at low disturbance levels but reduces to about an hour at the highest disturbance levels (Codrescu et al., 1997). So we should not expect any increase in PMSE with increased magnetic activity around 15:30 MLT if the only cause is simultaneous energetic particle precipitation. Together with the delayed correlation in this time sector (Fig. 4) , this suggests some other mechanism must be at work. The weak response of PMSE to K 24 > 3 at heights above 88 km for ESRAD in Fig. 6 also suggests that energetic particle precipitation is not the only explanation since this source should give electron density enhancements which increase with height. (The lack of response at the base of the PMSE layer is likely simply due to the sharp base of the iceparticle layer.) The local-time dependence of the reflectivity at MARA for K 24 > 3 is not at all consistent with a direct response to energetic particle precipitation. As with ESRAD, the weak response at the upper heights in the PMSE layers is a further inconsistency with the expected effect of energetic particles. A possible explanation, for the weak response at the upper heights, the response at all LT at MARA, and the delayed response around 15:30 MLT at ESRAD, is that solar EUV remains the main ionising source at all levels of activity; but the underlying atmospheric composition is changed in response to magnetic disturbances, in particular the concentration of NO is enhanced, on a timescale of around one day. We will return to this question in the Discussion section.
Finally, we consider not average reflectivities but occurrence rates, for comparison with earlier studies, particularly from other radars. Figure 8 shows occurence rates for η N > 10 −16 m −1 , which is the limit of detectability at MARA, divided according to magnetic activity level. Figure 9 shows similar plots for η N > 10 −15 m −1 , which is the level chosen in a number of other studies. Clearly, the occurrence rate is dependent on both the level of magnetic disturbance and on the threshold chosen, as one lies just below the peak in the distribution, the other above. With the lower threshold, occurrence rates after the solstice at ESRAD and MARA are very similar (slightly lower at ESRAD in quiet conditions). They differ more in the early season, as PMSE starts about 10 days earlier at ESRAD. At the higher threshold, PMSE occurrence rates are substantially lower, particularly for quiet conditions, and they are on average slightly lower at MARA than at ESRAD.
As an aside, we mention that, although not shown here, all relationships have also been studied using the planetary Kpindex (which is derived from magnetic observatories at 40-60 • latitudes in both hemispheres), and using the Kiruna K index also for MARA. The main features of Figs. 3-9 remain the same.
Discussion
The observations clearly show the importance of magnetic disturbance level for the distribution of PMSE reflectivities. In earlier publications, the influence of disturbance level on mean reflectivities has been recognised as important for year-to-year comparisons (e.g. Bremer et al., 2009; Smirnova et al., 2011) , but the present study is the first time it has been considered in the context of comparing PMSE at different locations. Previous studies have generally concluded that the sensitivity to magnetic disturbance is due to direct increases of electron density by energetic particle precipitation, although it has been recognised that the correlation becomes very poor at high time resolution (minutes or hours) and, indeed, the possibility of other mechanisms has been suggested. In particular, Zeller and Bremer (2009) found evidence, using superposed-epoch analysis, that the increase of daily-average PMSE occurrence rate associated with magnetic activity was stronger the day after the maximum disturbance and persisted for several days. An explanation in terms of delayed precipitation of high-energy electrons from the magnetosphere in the days following magnetic storms was proposed. Such precipitation, however, should be strongest in the early morning hours (Codrescu et al., 1997) . The present study is the first time the local-time dependence of the response has been examined including the possibility of a lagged effect. We have found (for MARA in Antarctica at most local times and for ESRAD in the Arctic in the postnoon sector) that there is a systematic lag between magnetic disturbance and PMSE-reflectivity increase, and a variation of the response over local time which is not consistent with a direct effect of energetic particle precipitation alone. We can expect PMSE reflectivity to depend on electron density and electron density gradient (e.g. Varney et al., 2011) , and it is well known that these generally increase together as a result of energetic electron precipitation. It is also well known that the minor constituent nitric oxide (NO) has a strong influence on the electron density produced at PMSE heights by solar EUV radiation, specifically by the Lyman α spectral line (e.g. Barabash et al., 2012, and references therein) . NO in the lower thermosphere in the auroral zone is well known to be strongly increased by auroral electron precipitation (energies up to a few keV) in association with magnetic disturbances, at least down to heights of 100 km (e.g. Barth et al., 2003) . Medium-energy electrons (30 keV-2.5 MeV) are also precipitated into the atmosphere during geomagnetic disturbances and can be expected to lead to NO production at lower heights, 60-90 km, and over both auroral and sub-auroral latitudes (Codrescu et al., 1997) . Whereas the direct electron density enhancement due to energetic electron precipitation has a lifetime of minutes, NO has a lifetime measured in hours or days, which means it can persist after the geomagnetic disturbance has ended, and it can be transported away from the latitudes, longitudes or heights where it is formed. This makes NO an obvious candidate to explain the delayed response of PMSE to magnetic disturbances.
In order to test whether NO enhancement due to geomagnetic activity might explain the PMSE behaviour, we have examined measurements made by the Sub-Millimeter Radiometre (SMR) instrument on the Odin satellite (Murtagh et al., 2002) . Trace-gas measurements, including NO, covering the summer mesopause region, have been made by Odin-SMR since October 2003 (for a description of the measurement technique see Urban et al., 2007) . Until May 2007, the relevant height range was covered for only about one day per month, but since then the coverage has increased to about 4 days per month. In total, 50 days of measurements are so far available for the NH summer months of June and July, 49 days for the SH summer months of December and January. Of these, 25 coincide with the PMSE measurements in the present study made by MARA in the SH, 33 with the ESRAD measurements in the NH. The NO concentration in the summer mesopause, particularly at high latitudes, is very low, making measurements difficult. The random uncertainty in the retrieval technique is also high, so zonal mean values (i.e. averaging over several satellite orbits) rather than individual profiles have to be used. Even using zonal means, at the latitudes we are most concerned with, 60-75 • , the NO concentration is too low to be measured on 60 % of measurement days at 80 km-height. The situation is better at 85 kmheight, with NO concentration too low to measure on only 15 % of days. By 95 km-height, measurements were possible on all of the days. Figure 10 shows the mean over all available measurement days (green lines) for NO volume mixing ratio (v.m.r.), for retrievals centred at 85 ± 1 km and 95 ± 1 km heights, for June/July in the NH and December/January in the SH. Inspection of the retrieval diagnostics calculated by the SMR retrieval algorithm suggests an altitude resolution (full width at half maximum of the averaging kernel functions) of the order of 6-8 km in the height range 80-110 km. Measurements from every available orbit each day have been averaged in 5 • bins of corrected geomagnetic latitude (Papitashvili, 2012) . For days/latitudes/heights when the NO concentration was too low for valid retrievals to be made, the v.m.r. is set to zero before averaging over the whole data set (49 or 50 days), to avoid biasing the averages towards conditions of unusually high values. To examine the dependence on geomagnetic disturbance level, linear regressions have been made between NO v.m.r. and the mean of planetary K indices (K P )) for Ann. Geophys., 31, 333-347, 2013 www Fig. 10 is very similar to what was found in the study by Siskind et al. (1997) , which used modelling to explain observations of a highlatitude enhancement of NO in the summer mesopause region by the Halogen Occultation Experiment (HALOE) on the UARS satellite. Siskind et al. (1997) found that both direct production by medium-energy electrons (in their model, 15 keV) and downward diffusion from above 100 km -the main region of NO production by auroral electrons (2 keV in their model) -were needed to explain the observed NO enhancement at 89 km in the auroral zone. This was surprising since the mean atmospheric motion is upwards in the upper mesosphere at high latitudes during summer, so rather high values for the vertical diffusion coefficient were needed to counteract the upward mean circulation. However, the summer mesopause region is characterised by large-amplitude gravity waves and high levels of turbulence due to windshears and wave breaking (Lübken, 1997) , and more recent estimates of effective diffusion coefficients (Grygalashvyly et al., 2012) suggest even higher values than those found necessary by Siskind et al. (1997) .
Odin travels in a quasi-polar sun-synchronous orbit which nominally crosses the equator at 06:00 and 18:00 LT (in practice this has varied between 06:00-07:00 LT and 18:00-19:00 LT between 2003 and 2012) . At our latitudes of interest, 60-75 • N and S, the local time of the measurements is about 1 h closer to noon. There are about 15 orbits per 24 h. So the zonal means represent averages over 30 different longitudes, and for times ranging 06:00-08:00 LT and 16:00-18:00 LT. Averaging morning and evening passes separately (not shown) results in mean values for the high-latitude bands which are 20-40 % higher for morning than for evening, at both 85 km and 95 km. According to the study by Codrescu et al. (1997) energetic particle precipitation and NO production, increasing with the level of geomagnetic disturbance, can be expected, particularly for the 06:00-08:00 LT measurements. For quiet conditions, average NO levels at 95 km are the same for morning and evening, but for disturbed con- ditions (K P = 4) they are up to 30 % higher. At 85 km, dividing the data into morning and evening results in estimates which are too uncertain to allow the K P dependence to be found with reasonable confidence. Altogether, the sensitivity of NO to geomagnetic activity shown in Fig. 10 may be partly due to diffusion from higher altitude (which would be delayed) and/or to direct production by medium energy electrons (which would be both immediate and persistent). Figure 11 compares PMSE volume reflectivities measured between 12:00 and 16:00 LT by ESRAD and MARA, with zonal mean NO v.m.r. at 85 km for corresponding geomagnetic latitudes (the band 60-65 • S for MARA, 65-70 • N for ESRAD) for each day when measurements are available. We choose the time 12:00-16:00 LT as this is when we hypothesise that NO rather than direct energetic electron precipitation is important in determining the background electron density. There is a weak positive correlation between NO v.m.r. and volume reflectivity (correlation coefficient 0.2 with 88 % confidence that it is non-zero). Given that the NO v.m.r. are zonal means and the variability with longitude may be large, that the NO measurements are not at the same local time, and that η N depends not only on electron density but also on the characteristics of ice particles and turbulence, which can vary widely from hour to hour, we cannot expect a particularly close correlation. But the observed (weak) correlation is at least consistent with our hypothesis. Empirically it has been found that PMSE reflectivity increases roughly in proportion to electron density, at least for low levels of geomagnetic disturbance (K P < 3) at Wasa (Kirkwood et al., 2010b) , and we can expect electron density due to ionisation of NO by solar Lyman-α to increase as [NO] 0.5 . Taking the comparison a step further, the black line in Fig. 11 shows the fitted power-law relationship (linear regression to the logarithms of NO v.m.r. and η N ) assuming that NO v.m.r. is estimated accurately and the uncorrelated variability is in η N . The exponent in the fitted power law is 0.7 (standard deviation 0.4), which is consistent with the value of 0.5 which we can expect. Comparing Figs. 10 and 7, we can conclude that the increase by a factor of 3-5 in NO v.m.r. between K P = 0 and K P = 4 is less than we would need to explain a 3-5-times increase in η N from K 24 = 0 to K 24 > 3 around 15:30 MLT, if η N is proportional to [NO] 0.5 . This could be due to overestimating the very low NO v.m.r. during quiet conditions, when NO number density becomes very close to the noise level of the measurements. The climatology of Siskind et al. (1998) based on HALOE measurements (which have better sensitivity to low concentrations of NO) shows mean values at 85 km, slightly less than half of those we find with Odin-SMR. The larger change in η N compared to the increase in NO v.m.r. could also be because η N is more sensitive to electron density than simple proportionality. According to the theoretical predictions of Varney et al. (2011) , η N should be proportional to the square of electron density (i.e. to [NO] 1.0 ) for very low electron densities, decreasing to no dependence at high electron densities. Part of the increase in η N , even close to 15:30 MLT, could also be due energetic electron precipitation. Even though the medium-energy precipitation should be at a minimum around 15:30 MLT in a statistical sense (Codrescu et al., 1997) , it is not necessarily zero and there may be ionisation from higher energy (relativistic) electrons which are not represented in those statistics (see e.g. Horne et al., 2009) .
To further test the order of magnitude of the changes in NO density at PMSE heights related to geomagnetic disturbances, and whether the delay in the correlation between η N and K 24 = 0 could be due to NO, requires accurate observations of the response of NO to energetic electron fluxes at the local scale and its development on timescales of hours to days. Such observations at PMSE heights and during the PMSE season have so far not been reported, but detailed local observations from Troll in Antarctica made between March and May 2008 have been reported by Newnham et al. (2011) . Background NO v.m.r. between 70-and 85-km height was found to be 0.01-0.1 ppm. Increases in NO v.m.r. at 85 km were found, up to 0.3-0.5 ppm, maximising on average two days after maxima in geomagnetic disturbance level (diagnosed using the planetary Ap index). Corresponding daily mean K P values for the disturbed days in question were between 3 and 4. So these values are consistent with the K P dependence shown in Fig. 10 . Newnham et al. (2011) found that the highest NO v.m.r. occurred below 80 km altitude and could be modelled as being produced by high-energy electrons (300 keV) penetrating as low as 70-km altitude. The amount of NO present built up slowly over a period of days, with production primarily during nighttime and loss during daytime. High amounts of NO were also shown to be produced by lower-energy electrons above 100 km, with no delay compared to the Ap index, but the possibility of downward diffusion to below 90 km was not considered.
So it seems clear that NO concentrations are increased at PMSE heights during geomagnetic disturbances. This can be by medium-energy electrons producing NO directly at PMSE heights, by relativistic electrons producing NO at lower heights followed by upward transport in the mean flow, or by lower-energy electrons at higher altitude followed by diffusion downward along the steep vertical gradient. The observed NO increases are of the same magnitude as the increases in η N and can explain at least a substantial part of the delayed PMSE response to magnetic disturbances at MARA, and around 15:30 MLT at ESRAD (Fig. 4) . Response through increased NO can also explain the weak sensitivity to K 24 in the upper part of the PMSE layer, as ionisation of the minor constituent NO by Lyman α is the dominant source of electron density only below 88-90 km. Above that height (which will depend on the concentration of NO) ionisation of O 2 by the main part of the solar EUV spectrum dominates (e.g. Barabash et al., 2012) .
If NO plays an important role in the strength of PMSE at sub-auroral latitudes (MARA), there is reason to expect that it also plays a significant role for the differences between different sites. The geomagnetic latitudes of several radar sites are marked by the vertical lines on the lower panel of Fig. 10 . At ESRAD (E) and Andenes (A), for example, NO levels may be permanently enhanced due to the frequent particleprecipitation events in the auroral zone. Resolute Bay (R), at a magnetic latitude of 84 • , is far poleward of the region of energetic particle precipitation, so local NO production cannot be expected. At the same time, during summer, the 24-h illumination by the Sun at the site's geographic latitude of 75 • will effectively dissociate any background NO present, and NO levels can be very low, as Fig. 10 shows. Davis (D), at 69 • geographic latitude, is at essentially the same geographic latitude as ESRAD and Andenes. But, since Davis is at 75 • magnetic latitude, poleward of the auroral zone, less highenergy particle precipitation is expected such that average NO densities will be lower than at those sites (in agreement with Fig. 10 ). Altogether, we have to conclude that differences in PMSE reflectivities between sites may be as much an indication of mesopause NO densities as of mesopause temperatures. On the other hand, PMSE occurrence rates may still provide a measure of the presence or absence of ice particles, and therefore of temperature conditions, so long as detection thresholds are low enough for weak PMSE in the presence of solar ionisation alone, even in the presence of very low NO densities, to still be "visible".
Conclusions
We have compared magnetic K indices with PMSE reflectivities at ESRAD in Arctic Sweden (68 • N, geomagnetic 1. PMSE reflectivities at both locations have a lognormal distribution with a peak close to η N = 5 × 10 −16 m −1 . The position of the peak increases only slightly with increasing levels of geomagnetic disturbance. The highreflectivity tail of the lognormal distribution is more pronounced at ESRAD, particularly for high levels of disturbance (K > 3).
2. PMSE has the same occurrence rate at the two sites after solstice, with little dependence on magnetic activity level, provided that the threshold chosen for deciding on occurrence is below the peak at η N = 5 × 10 −16 m −1 . Before the solstice, PMSE at MARA starts about 10 days later than PMSE at ESRAD and occurrence rates increase with increasing disturbance levels. This is in contrast to published studies comparing PMSE at Davis, Antarctica, with Andenes, Norway, which have found much weaker and less frequent PMSE in the SH throughout the season Morris et al., 2009 ).
3. If occurrence statistics are based on a threshold above the peak in the lognormal distribution, PMSE has a higher occurrence rate at ESRAD than at MARA, and occurrence rates are significantly higher in disturbed conditions than in quiet conditions. This may explain the much lower PMSE occurrence rates earlier reported from Davis and Resolute Bay Morris et al., 2009; Swarnalingam et al., 2009 ), compared to Andenes, where relatively high detection thresholds were applied (η = 5 × 10 −15 m −1 ). The enhancing effect of geomagnetic disturbances can be expected to be much higher at the auroral zone site, Andenes, than at the polar cap sites, Davis and Resolute Bay.
4. PMSE reflectivity at MARA shows a delayed enhancement with increased disturbance level, a uniform response over local time, and a weak response in the upper heights of the PMSE layer, which are not consistent with enhancement due to immediate increases in electron density caused by energetic particle precipitation. A likely explanation is that a slow increase of NO, in response to local or non-local energetic particle precipitation in the magnetic night-morning sector, provides a basis for higher electron density to be produced by solar EUV radiation during the following day(s).
5
. PMSE reflectivity at ESRAD shows mainly an immediate enhancement with increased magnetic disturbance level and a response which is strongest in the magnetic evening-night-morning sector, qualitatively consistent with what might be expected due to electrondensity increases caused by energetic particle precipitation. However, delayed response near 15:00 LT and a weak response in the upper heights of the PMSE layer are not consistent with the latter mechanism and can be due to NO enhancement, as at MARA.
6. Zonal-mean NO v.m.r. at PMSE heights measured by the SMR instrument on the Odin satellite show a dependence on geomagnetic activity level which is qualitatively and quantitatively consistent with the PMSE response at MARA and at ESRAD in the afternoon sector. NO v.m.r. is lower at geomagnetic latitudes poleward of 75 • than in the auroral and sub-auroral zones (55-75 • ), which is qualitatively consistent with the weaker PMSE reported from Davis, Antarctica, and Resolute Bay, Canada, compared to auroral zone sites. However, the difficulties of measuring the very low NO v.m.r. at the highest latitudes preclude a quantitative comparison.
While PMSE observations are certainly useful for monitoring the seasonal morphology of the cold summer mesopause, it will be difficult to use their occurrence rates and strengths to monitor long-term temperature changes or to determine average temperature differences between the hemispheres. PMSE reflectivity is simply too sensitive to magnetic activity conditions, which vary widely between seasons and affect different locations in different ways, and include delayed effects likely due to NO. Low PMSE detection thresholds, and careful correction for effects related to geomagnetic disturbances, will need to be used before any conclusions can be drawn about the underlying ice particles and the temperature conditions which determine their properties. Other properties of PMSE, which may be more closely related to the characteristics of mesospheric ice particles, such as aspect sensitivity and spectral width, should be explored as alternatives.
